Abstract The effect of the grounded electrode diameter on the ignition voltage using 13.56 MHz in argon gas is studied experimentally. The results indicate a systematic decrease of the breakdown voltage with increasing electrode area for the same pd value. No multi-valued breakdown voltages are observed. The Paschen minimum is not affected by the electrode diameter as long as the parallel plane approximation is valid. A modified Paschen equation which takes into account indirect discharge via the chamber walls at high pd values gives reasonable fits to the experimental data.
Introduction
In spite of the fact that it is over a century now since Paschen [1] introduced his famous relation between DC breakdown voltage of a gas and the pd product (pressure×electrodes separation), this relation is still the subject of many studies. The interest in measurements of minimum breakdown voltage of a particular gas or gas mixture under particular geometrical and physical conditions represents a first key step in designing and operating any low pressure plasma system.
Although the Paschen formula gives a general pd dependence of the breakdown voltage for most gases, problems associated with accurate experimental determination of the position of the Paschen minimum have still been enormous in number even with simple DC discharges. Some of these problems are related to the fact that the initial ignition of low pressure plasma is governed by the existence of initial seed electrons. The density of such electrons depends on photoelectric effect at the cathode, cosmic rays, etc. Minimum breakdown potential has been observed to depend on electrode material [2] , gas temperature [3∼5] . Experimental and theoretical studies by many authors have shown that there are significant deviations from the original Paschen law when the gap between electrodes is small (micro discharges) [6, 7] . The situation gets more complicated with radio frequency discharges. The most significant phenomenon in this respect is the partial loss of the generality of the pd variable. Multi-valued breakdown voltages have been reported for the same pd value [8∼11] . Electrode spacing and electrode diameter have been shown to play important roles not only in governing the RF breakdown voltage but also the shape of the pd breakdown voltage relation and its deviation from the simple conventional DC Paschen curve form [12, 13] . Evidence of two RF breakdown voltages minima has presented by RAIZER [14] . Arguments are also made that the relatively complicated behavior of RF breakdown voltage against pd value is related to the appearance of second harmonic component of the RF driving field [15] . It is our purpose here to present experimental results of 13.56 MHz RF argon breakdown voltage as related to pd values and grounded electrode radius.
Experimental setup
The experimental setup is shown in Fig. 1 . It involves a bell jar shaped glass discharge chamber of 20 cm in height and 15 cm in inner diameter with a Teflon flat base. Two circular flat well polished aluminum electrodes are installed inside the chamber. The upper electrode is 12 cm in diameter and fixed at the top. The lower electrode is changeable in diameter. A set of electrodes prepared with diameters of 3 cm, 4 cm, 5 cm, · · · , 12 cm are used as the lower electrodes. A screw mechanism is used to change the distance between the upper and the lower electrodes in each case. Electrode separations used are 2.5 cm, 3 cm, 3.5 cm, 4 cm, and 4.5 cm. Both electrodes are Teflon insulated on the sides not facing the discharge. The rims of the electrodes are also insulated. The electrodes were subjected to several stages of polishing, washing with hydrochloric acid water and aceton to remove any contaminants. Each electrode was further subjected to plasma cleaning by producing a discharge at low pressure of 1.5 Pa with 50 W RF power for ten minutes to remove any remaining aluminium oxide layers from the electrode surface. The chamber is connected to a vacuum pump, a gas valve, and a vacuum gauge via two piping connections from the bottom side. The vacuum system involves a Leybold rotary vane vacuum pump (Model Trivac D8B Rotary) which has a nominal ultimate pressure of 2×10 −3 Torr (0.27 Pa). The minimum base pressure reached was 0.9 Pa. The pressure is measured by a Leybold THERMOVAC transmitter (model TTR 96 S) connected to a digital readout. The breakdown voltage is measured for each lower electrode diameter and electrode separation at four pressure values of 10 Pa, 15 Pa, 25 Pa, and 30 Pa. The breakdown voltage is measured using a 100 MHz HAMEG oscilloscope (model HM 1004-3), which has a triggered digital voltage display facility.
The discharge is created using a 13.56 MHz RF generator (AMN 600 W Coaxial Power System) connected via an automatic impedance matching network. The internal output impedance of this 600 W RF power generator practically eliminates the drop in voltage on the discharge once the breakdown occurs. The discharge current is sampled using a Rogowski coil. Signal from the coil is sent to the oscilloscope for triggering purpose so as to electronically register the breakdown. For each of the above conditions, the RF power is increased slowly until the oscilloscope registers a discharge current signal. This is usually further confirmed by visual appearance of glow discharge in the chamber. The process is repeated several times separated by 15 min periods to avoid any aftereffect of the previous discharge to obtain an average ignition voltage for each case with accuracy of about ∓3 V (the standard deviation of repeated measurements). It is worth mentioning that the range of RF power used was between 5 W and 22 W. 
Results and discussion
Plots of the breakdown voltage against pd values for different grounded electrode diameters are shown in Fig. 2 . It is clear that the breakdown voltages for all pd values suffer a systematic increase with decreasing electrode diameter. This means that for the same pd value, a smaller electrode will need larger voltage to trigger breakdown in the gas. This can be attributed to departure from uniform electric field situation, accumulation of space charge and edging effects. The Paschen minimum breakdown voltage is clear in all plots. Although the position of this minimum breakdown voltage does not seem to change significantly with electrode diameter for electrodes of larger diameters, this minimum seems to systematically shift to the left for the three smallest electrodes of diameters 3 cm, 4 cm, and 5 cm. This can be attributed to the fact that under such conditions, the parallel plate geometry approximation is no more valid. The electric field can not be considered uniform here. There seems to be a systematic decrease in the value of the minimum breakdown voltage itself with the increase of electrode diameter. This is further demonstrated in Fig. 3 . . 3 shows the minimum breakdown voltage V bkm plotted against the difference in electrodes areas ∆A between the larger 12 cm electrode and the grounded, variable diameter electrode. The minimum breakdown voltage shows a systematic increase with the increase in the difference in electrodes areas. The data clearly indicate a faster rise in minimum breakdown potential as the earthed electrode becomes smaller. This effect can be attributed to the fact that for smaller electrodes areas, the planes electrodes is seriously deviated from the parallel approximation. The electric field lines can not be considered parallel, nor perpendicular to both electrodes surfaces. Under such circumstance, the acceleration of primary electrons between the two electrodes is produced by a fractional component of the electric field rather than by the entire applied field. This is clearly demonstrated by the experimental data related to the smallest three electrodes of 3 cm, 4 cm, and 5 cm in diameter. While the rest of the data can be reasonably described by a linear relationship between ∆A and V bkm , the last three data points show significant deviation from such linear correlation. In order to take this effect into consideration, the experimental data are fitted to an empirical equation of the form of
with k, b and c being free fitting parameters. The fitted values of these parameters which produced over 95% confidence level fit are a = 0.8542 V, b = 28.4307 cm 2 , and c = 100.0171 V. The fitted equation is extrapolated to ∆A = 113.1 cm 2 which corresponds to a pinplate electrodes configuration. The extrapolated value of V bkm obtained from Eq. (1) using the values of the fitted parameters is 146 V. An additional independent auxiliary experiment was performed using a sharp pin earthed electrode at pd = 40 Pa · cm. The experimental breakdown voltage obtained under such conditions is V bkm = 153 ∓ 5 V which is in reasonable agreement with the extrapolated value if experimental errors and changes of experimental environment between the original and the auxiliary experiments are taken into considerations.
One more point is worth mentioning as far as the curves in Fig. 2 are concerned. This is related to the fact that although they involve a minimum value similar to that associated with typical Paschen curves; the data to the right side of this minimum are somewhat different from that of a typical well known DC Paschen curve described by the following equation [16] .
where B and C are constants related to the gas and electrodes types.
The breakdown voltage at pd values to the right of the Paschen minimum tends to increase at much slower rate with increasing pd values than what is predicted by Eq. (2). Several such deviations of the variation of RF breakdown voltage vs. pd from the standard DC curve have been reported in literature [7∼11] . However, the data here do not indicate any multi-valued behavior of V bk for the same pd value. One may here speculate that the observed saturation like behavior on the right side of the curve could arise from the fact that the breakdown takes place not directly between the two electrodes, but via the chamber glass walls due to electromagnetic field propagation properties.
In order to describe the experimental data empirically, one may attempt a modified form of Paschen law. It is found that the experimental data can be reasonably described by adding a second order correction term to Eq. (2). This gives
with a being a fitting parameter which should be of a small negative value.
All data for each one of the ten electrodes are fitted to Eq. (3), allowing A, B, C and a to be free fitting parameters in each case. Sample results of such fitting are presented in Fig. 4 which for clarity purpose only shows the results for the case with diameter of 3 cm, 7 cm, and 11 cm. Results for all other fitting are much similar. Parameters values obtained from all fitting are shown in Table 1 . It is clear from Table 1 that the unique fitting parameter that is significantly and systematically affected by the electrode size is the first parameter, A. The value of this parameter shows a systematic decrease with increasing electrode diameter. All other three parameters tend to take almost constant values within a margin of one standard deviation for all electrode sizes. This suggests that the empirical parameterization in Eq. (3) is justified.
Conclusions
From above one may conclude as follows. a. Paschen low is generally valid in RF discharges apart from some slower increase in the breakdown voltage to the right side of the Paschen minimum which can be attributed to discharges taking place via the walls.
b. The asymmetry in electrodes sizes plays an important role in governing the value of the breakdown voltage.
c. No multi-valued breakdown voltages have been observed for the same pd value.
d. A modified Paschen relation can give reasonable description of experimental data.
